We describe a reversed-phase HPLC method that uses gradient elution and UV detection (325 nm) to determine levels of resveratrol and identify 6 major conjugated metabolites in the plasma and urine of human volunteers after administration of a single oral dose of 1 g. Waters Atlantis C 18 3μ served as the stationary phase. The gradient was formed using ammonium acetate and methanol, containing 2% propan-2-ol. Detection is linear between 5 ng/mL and 500 ng/mL in plasma (5-1000 ng/mL in urine). The coefficient of variation for intra-and inter-day variation is <10%. The average recovery of resveratrol from plasma and urine is 58 ± 3%. The data presented in this report demonstrate a rapid, sensitive and accurate method for the analysis of resveratrol and its metabolites in human plasma and urine for pharmacokinetic studies.
Introduction
In recent years there has been a growing interest in trans-resveratrol (3,5,4′-trihydroxystilbene, referred to in this document as resveratrol), a phytochemical occurring naturally in high to moderate quantities in various foods including grapes [1] , peanuts [2] and wine [3] . Resveratrol has antioxidant properties, and as a constituent of red wine it has been implicated in the "French Paradox" that the incidence of coronary heart disease is relatively low in southern France despite high dietary intake of saturated fats, and suggested to mediate the cancer chemoprevention properties of red wine [4] . It has also been reported to possess a variety of anti-inflammatory, anti-platelet, and both pro-and anti-estrogenic effects [5] [6] [7] [8] .
Resveratrol inhibits proliferation of a variety of cancer cell lines [reviewed in 9], formation of preneoplastic lesions in the DMBA-induced mouse mammary organ culture model [10] and benzo(a)pyrene-induced transformation of rat tracheal epithelial cells [11] . In rodent carcinogenesis models, resveratrol interfered with the formation of azoxymethane -induced aberrant crypt foci in rat colon [12] , decreased the number of adenomas in the small intestine and suppressed tumor formation in the colon of APC Min +/− mice [13] although the latter finding has not been confirmed [14] . It also reduced mammary tumor formation in N-methyl-N-nitrosourea-treated rats when given at a relatively high dose (100 mg/kg) [10] .
Preclinical studies in mice, rats and dogs suggest that resveratrol is readily absorbed and rapidly glucuronidated and sulfated both in the liver and in intestinal epithelial cells [15] [16] [17] .
Administration of red wine to rats by intragastric intubation, resulted in measurable concentrations of resveratrol in plasma, heart, liver and kidneys [15] . In rats treated with an oral dose of 2 mg/kg resveratrol, plasma peak concentrations of 2.6 μM were achieved 10 min after dosing [18] . Experiments using radiolabelled trans-resveratrol suggest that at least 50-75% of the orally administered dose is absorbed in Wistar rats [16] . Earlier in vitro studies indicate that resveratrol readily undergoes glucuronidation and sulfation in the liver and gut of both humans and rats [19, 20] . In human liver and duodenal tissue, dietary flavonoids, particularly quercetin, inhibited sulfation and glucuronidation of resveratrol; thus improving its bioavailability [20] .
Resveratrol has been previously shown to be well absorbed in humans when given at levels commensurate with that available in red wine [24, 29] and at low doses (25 mg orally) [27] , with high phase II conjugation appearing to be the rate limiting step in resveratrol bioavailability, although no studies have been carried out at higher (gram level) doses of this compound.
As part of ongoing investigations in this laboratory into the pharmacokinetics, bioavailability and anti-oxidant effects of high dose resveratrol, our goal was to develop a protein precipitation extraction and analytical methodology that combine separation of the major metabolites of resveratrol and allows quantitation of the parent compound in a reasonably short run time. Part of the development and refinement of the analytical assay included the validation of a gradient elution HPLC assay for plasma and urine. Several methods have been published for the analysis of resveratrol and some of its metabolites [21, [24] [25] [26] This method is an improvement on the UV-HPLC method developed by Zhu et al., in 1999 [21] as it allows resolution of the several human phase II metabolites of resveratrol, by direct means rather than by deconjugation, (many of which are very polar and difficult to resolve in gradient modifications of the previous method) in addition to trans-resveratrol and uses a mobile phase that can be directly transferred to LC-MSMS for identification of these metabolites. Wang et al., in 2005 [26] published an HPLC-MSMS method for identification of major metabolites in rat urine, this method identified several conjugated metabolites as well as dihydroresveratrol and its monosulfate conjugate that were found in humans by Walle et al., in 2004 [27] . This method was however not quantitative but provided structural characterisation of the metabolites of resveratrol. A recent publication by He et al., [28] presents a method for analysing resveratrol in rat plasma for pharmacokinetic analysis, although chomatographically rapid, this method does not resolve any metabolites of resveratrol and has a relatively higher limit of detection for resveratrol. The fast and non-intensive sample preparation method of protein precipitation simplifies large sample processing for clinical trials, whilst having better or comparable limits of quantitation for resveratrol (5ng/mL), and resolving the major conjugate metabolites.
Experimental Methods

Chemicals
Resveratrol (99.9 %, (Fig. 1 ) was obtained from RoyalMount Pharma (Montreal, Canada) and the capsule preparation carried out in house. HPLC gradient grade methanol, water, ammonium acetate and hydrochloric acid were obtained from Fisher Scientific Ltd. (Loughborough, UK).
Mobile-phase
The mobile phase consisted of A (aqueous)5 mM Ammonium Acetate in distilled water (pH unaltered ~6.7) containing 2 % propan-2-ol. B (organic) consisted of methanol with 2 % propan-2-ol. These solutions were degassed by sonication for 15 minutes at room temperature prior to use, and an online degassing was used during analysis. Flow rate of the mobile phase was 1 mL/minute.
Calibration solution preparation
A stock solution of resveratrol was prepared in methanol at a concentration of 1 mg/mL and stored in the dark at −20º C. Working solutions were dilutions of the stock solution in methanol down to a final concentration of 1 ng/mL. They were injected in triplicate between 5 ng/mL and 100 ng/mL and monitored by UV detection. Six standard calibration solutions of resveratrol were prepared to obtain final concentrations ranging from 0-500 ng/mL (plasma) and 0-1000 ng/mL (urine) by addition of 10 μl of standard to the appropriate matrix.
For quality control, samples were freshly prepared in triplicate over four separate days and analysed to evaluate linearity and the precision of the HPLC method by intra-day and interday variations.
Calibration curves were obtained by a weighted linear regression of the peak area of resveratrol against the known resveratrol concentrations. The weights were obtained from a smoothed estimate of the within-replicate standard deviations [22] . The standard errors of the estimated resveratrol concentrations were calculated by [23] :
where n 1 is the number of replicates corresponding to the estimated point and n 2 is the number of samples determining the calibration line. The inverses of the standard errors of the estimated concentrations were then used as weights in the calculation of r 2 . All estimates were computed using SAS v8.2 (SAS Institute, Cary, North Carolina).
Sample preparation
Blood was taken from 4 adult human volunteers pre-and post-resveratrol-dose (1 g oral dose taken with water) in heparinised tubes. These were centrifuged at 2000 g and the plasma separated into cryotubes for storage at −80 °C before extraction. As far as logistically possible, all extraction was carried out swiftly and away from direct light. The samples were thawed at room temperature or in the hand, whilst kept in the dark, and thoroughly mixed. The plasma was then acidified with 17.5 μl of concentrated HCl per 1 mL of plasma.
Plasma (250 μl) was pipetted into a clean 1.5 mL eppendorf tube and 250 μL of methanol was added. The sample was then vortex-mixed for 1 minute and placed at −20° C to precipitate the protein. The samples were then spun at 13,000 g in a microcentrifuge at 4 °C for 15 minutes to discard denatured proteins. The supernatant was pipetted off carefully into a clean microtube and dried down at room temperature in the dark under nitrogen. Once dry, the samples were reconstituted in 200 μL of 50:50 MeOH:H 2 O and mixed well. A final 13,000 g centrifugation at 4 ºC was carried out prior to pipetting into the appropriate analysis vials, and if not injected immediately, kept in the dark at 4º C in the autosampler.
Urine samples were taken pre-and post-dose from the study volunteers, and kept on ice in the dark for the duration of the collection (4 h). Once collected, it was stored in cryovials at − 80º C until analysis. The extraction procedure was the same as for plasma, with a few minor exceptions: Urine was acidified with 8 μl concentrated HCl per 1.5 mL; methanol added as previously and placed at −20 ºC for 15 min prior to centrifugation. No drying-down of the sample was carried out prior to analysis.
High performance liquid chromatography
The HPLC system consisted of a Waters 1525 binary pump, 717+ autosampler with a refrigeration unit, 2487 dual wavelength UV visible detector and in-line vacuum degasser. Fig. 2 ) Injection volume was 100 μL.
Mass spectrometry
The extracted samples were also analysed, to identify the metabolite peaks, by direct online LC/MS/MS under the same chromatographic conditions (barring using a 2.1×150 mm narrow bore Atlantis 3μ column, injection volume 30μL, flow rate 240 μL/min equivalent retention to HPLC system) using an Applied Biosystems/MDS SCIEX API 2000 mass spectrometer, (Turbo Ion Spray interface, negative ion mode, Curtain gas 20; Temperature 350 C; Gas 1 30; Gas 2 40; depolarising potential -52.00; focusing potential -398.00; Entrance potential -10.00; Collision energy -33.00; collision gas 3; cell exit potential -11.00) Agilent 1100 LC system using a quaternary pump, MS was controlled with Analyst version 1.3.1 (Applied Biosystems, Warrington, UK). MSMS analysis was carried out in negative ion mode measuring 6 MRM transitions.
Results and Discussion
Resveratrol HPLC analysis and detection
In order to resolve the more polar metabolites of resveratrol successfully whilst still retaining a relatively short run-time, the Atlantis C 18 column was chosen, due to its characteristic ability to run in 100 % aqueous conditions. No endogenous peaks in plasma or urine co-eluted with resveratrol under our chromatographic conditions.
Several major metabolites of resveratrol were detected in both plasma and urine and separated at various time points post dose ( Fig. 2 and 3 ). Under these UV-HPLC conditions, the retention time of resveratrol was 18.6 min. Dihydroresveratrol and its conjugates (previously identified in human urine and plasma [27] would not be seen at this wavelength as they have no absorbance.
Limit of detection and quantitation, accuracy and precision
The limit of detection for resveratrol (as defined by a signal-to-noise ratio of 3) in methanol solution, plasma and urine was 1.6, 2.0 and 2.0 ng/mL respectively. The limit of quantitation for this assay (as defined by a signal-to-noise ratio of 7) was 5 ng/mL in both plasma and urine. Table 1 shows the within-day and between-day accuracy and precision of the assay.
Recovery
To determine the recovery of the method, the neat solution of resveratrol was analysed at low (5 ng/mL) and high (100 ng/mL) levels of concentration, 5 assays at each concentration. Additionally the corresponding low and high levels of resveratrol in plasma and urine matrices were extracted. All samples were assayed in the same analytical run. The extraction efficiency of plasma and urine at the low concentration was 57 and 60 % respectively. At the high concentration level, the extraction efficiency was 60 and 68 % for plasma and urine respectively. Although the recovery was low it was consistently reproducible at this level. Attempts at modification of the method using different extraction solvents and solid phase extraction techniques were found to increase the recovery but at the expense of reproducibility. An external calibration method was used in this work, although an internal calibration would be preferable with biological fluid, a suitable standard could not be found that either didn't extend the runtime too much or co-elute with endogenous peaks.
Linearity
For human plasma four calibration runs of spiked plasma were carried out and were linear over the measured range. The calibration curves are defined as the following equations y= (365.5 ±11.4)x + (514.7 ± 160.1); r 2 =0.9925 (mean ± SEM for slope and y intercept). None of the intercept coefficients were significantly different from 0, indicating the potential for accurate recovery at concentrations below 5 ng/ml. The coefficients of variation of the slope parameters were less than 0.02.
For human urine four calibration runs of spiked urine were carried out and were linear over the measured range. The calibration curves are defined as the following equation y= (138.0 ± 11.4)x + (474.8 ± 216.6); r 2 =0.9947 (mean ± SEM for slope and y intercept).
Stability
Neither resveratrol nor any of its metabolites analysed were found to degrade under the conditions of the assay for at least 48 hours post sample preparation (protected from light at 4 C to mimic the autosampler conditions).
Mass Spectrometry
Comparing the mass chromatograms (not shown) with the UV-HPLC chromatogram allowed for identification of six metabolites. Two mono-sulfate conjugates, one di-sulfate, two monoglucuronides and one glucuronide-sulfate (see table 2 ). The mono-sulfate conjugate (R t 16.0 min) being by far the most abundant metabolite. This follows the previously available literature showing resveratrol undergoes rapid sulfate and glucuronide conjugation [27] . No oxidative metabolites were seen by mass spectrometry. Dihydroresveratrol and its conjugates were not found by LC-MSMS, although the system was not optimised for these compounds (no authentic standard was available).
Application of the method
The applicability of the assay is shown in Fig. 2 and 3 which shows the various metabolites present in human urine and plasma and in Fig 4, which shows the average plasmaconcentration-time curve of resveratrol after single oral dose (1 g) in four human volunteers.
Conclusion
In the present paper, a reliable, reproducible extraction procedure and sensitive HPLC separation coupled to UV detection was described allowing quantification of resveratrol and separation and identification of at least six major conjugate metabolites in human plasma and urine. Reproducible recovery of resveratrol down to 5 ng/ml was achieved, with the potential for accurate assessment of concentrations down to 1 ng/ml in both urine and plasma. This HPLC system coupled to mass spectrometry could be an appropriate tool for further identification and quantification of resveratrol and its metabolites in human pharmacokinetics studies presently in progress. A time-concentration profile showing levels of resveratrol in human plasma after a single oral dose of 1 g. Single human volunteer sample mean ± SD, n=3 extractions. Table 2 Identification of putative metabolites of resveratrol from the various relevant MRM transitions 
